Mycobacterium tuberculosis (Mtb) infects one-third of the world's population and in 2013 accounted for 1.5 million deaths. Fluoroquinolone antibacterials, which target DNA gyrase, are critical agents used to halt the progression from multidrug-resistant tuberculosis to extensively resistant disease; however, fluoroquinolone resistance is emerging and new ways to bypass resistance are required. To better explain known differences in fluoroquinolone action, the crystal structures of the WT Mtb DNA gyrase cleavage core and a fluoroquinolone-sensitized mutant were determined in complex with DNA and five fluoroquinolones. The structures, ranging from 2.4-to 2.6-Å resolution, show that the intrinsically low susceptibility of Mtb to fluoroquinolones correlates with a reduction in contacts to the water shell of an associated magnesium ion, which bridges fluoroquinolone-gyrase interactions. Surprisingly, the structural data revealed few differences in fluoroquinoloneenzyme contacts from drugs that have very different activities against Mtb. By contrast, a stability assay using purified components showed a clear relationship between ternary complex reversibility and inhibitory activities reported with cultured cells. Collectively, our data indicate that the stability of fluoroquinolone/DNA interactions is a major determinant of fluoroquinolone activity and that moieties that have been appended to the C7 position of different quinolone scaffolds do not take advantage of specific contacts that might be made with the enzyme. These concepts point to new approaches for developing quinolone-class compounds that have increased potency against Mtb and the ability to overcome resistance.
T he causative agent of tuberculosis (TB), Mycobacterium tuberculosis (Mtb), is one of the most important pathogens of humans, second only to the HIV in the number of deaths caused annually (1) . Mtb is estimated to latently infect one-third of the world's population (2) , thereby also creating a huge reservoir for future disease. Particularly problematic are cases of multidrugresistant (MDR)-TB, which is defined as resistance to two primary anti-TB drugs, rifampicin and isoniazid. MDR-TB now represents 3.5% of new TB cases; of these, 9% are classified as extensively drug-resistant (XDR)-TB (1), which is defined as MDR-TB with additional resistance to any fluoroquinolone and one injectable second-line drug (3) . TB isolates are also being recovered that are totally drug-resistant (3) (4) (5) . Thus, controlling TB, in particular drug-resistant TB, is a major health problem.
Fluoroquinolones are one of the most successful classes of drugs against bacterial pathogens, accounting for 24% of the $10 billion antibiotic market (6) . Fluoroquinolones are also currently receiving considerable attention in the treatment of TB, with two new C8-methoxy derivatives, moxifloxacin and gatifloxacin, currently under evaluation as promising first-line therapeutics (7) (8) (9) (10) . These compounds have been used to restrict the development of XDR-TB from MDR-TB; however, emerging resistance threatens both first-line and second-line use (11) . The widespread testing of fluoroquinolones against TB has revealed considerable variation in efficacy of different drug variants against Mtb. For example, ciprofloxacin is only marginally active, and its early use with Mtb was halted in favor of ofloxacin and levofloxacin (7) . These two agents are now proving to be less effective than moxifloxacin and gatifloxacin (7, 10) ; however, the newest two compounds also exhibit some nonideality. For example, gatifloxacin can elicit side effects such as hypo/hyperglycemia (12) , whereas moxifloxacin has potential cardiovascular risks (13) . Although recent clinical trials that have included fluoroquinolones as part of an alternative drug regimen have faltered (14) , there are prospects for other nonfluoroquinolone molecules to make an impact on the treatment of MDR-and XDR-TB (15, 16) . Moreover, a promising recent trial that uses moxifloxacin as part of a three-drug regimen together with pretomanid and pyrazinamide reports superior bactericidal activity against TB and MDR-TB versus current regimens (17) . These new data make it clear that new quinolone-class agents, which are also capable of circumventing known resistance mutations, might be useful therapeutic agents in the treatment of TB.
Significance
Although tuberculosis is a curable disease, its etiological agent, Mycobacterium tuberculosis (Mtb), remains a major human pathogen. Control of Mtb is hindered by multidrug-resistant strains, which can be currently treated with second-line agents that include fluoroquinolones such as moxifloxacin. Unfortunately, fluoroquinolone resistance is increasing, making improvements to quinolone efficacy clinically important. Fluoroquinolones act by forming complexes that poison Mtb. To our knowledge, this study describes the first X-ray crystal structures of the Mtb gyrase cleavage core complexed with DNA and five fluoroquinolones. These comparative structures inform efforts to design new quinolone-class agents and establish that the low intrinsic susceptibility of Mtb to clinically used fluoroquinolones is due to a paucity of specific gyrasedrug interactions.
Progress is presently being made toward developing new fluoroquinolone derivatives. For example, a methoxy group at fluoroquinolone position C8 (Fig. 1A) increases activity against mycobacteria, particularly resistant mutants (18) (19) (20) . Indeed, moxifloxacin, along with a more active C8-methyl derivative, retains high inhibitory activity against purified Mtb gyrase even when the enzyme contains commonly acquired fluoroquinoloneresistance substitutions [as described in the accompanying paper by Aldred et al. (21) ]. In another example, quinazolinediones (diones) have been shown to have an ability to bypass existing resistance within mycobacteria and other bacterial species (20, (22) (23) (24) . Thus, there still exist opportunities to design more effective quinolone-class molecules for treatment of TB.
DNA gyrase is a heterotetrameric (GyrA 2 GyrB 2 ) enzyme that transiently catalyzes dsDNA breaks as it negatively supercoils DNA. Fluoroquinolones prevent the resealing of the ds breaks that normally follows DNA strand passage (25) , generating persistent, covalent enzyme-DNA adducts called cleaved complexes. Cleaved-complex formation, which is reversible, blocks bacterial growth; at elevated fluoroquinolone concentrations, release of DNA breaks from the complexes leads to chromosome fragmentation and cell death (26) . Although numerous crystallographic studies have defined the primary binding site of fluoroquinolones against gyrase (and against topoisomerase IV, a gyrase paralog) (27) (28) (29) (30) , there has been debate as to whether fluoroquinolones use a magnesium ion to bridge their interaction with the enzyme (28, 29) . Resolving this question is important, because the intrinsic resistance of certain species of gyrase to quinolones (e.g., Mtb) has been proposed to result from natural sequence variation that leads to the loss of a magnesium-ion "bridge" formed between the drug and enzyme (31) (32) (33) . At the same time, there currently exists no clear chemical explanation as to why certain fluoroquinolone derivatives act with different efficacies against Mtb gyrase.
To better understand such questions, we carried out a structural and biochemical analysis of Mtb gyrase in the presence of a panel of four different, clinically used fluoroquinolones (ciprofloxacin, levofloxacin, gatifloxacin, and moxifloxacin) and one new fluoroquinolone derivative (C8-Me-moxifloxacin). X-ray crystallography revealed that Mtb gyrase indeed makes an intrinsically low number of interactions with a magnesium ion that accompanies fluoroquinolone binding, and that the introduction of a drug-sensitizing mutation (GyrA A90S) restores interactions seen in nonresistant gyrase homologs. In vitro, we find that C8-Me-moxifloxacin and moxifloxacin are most effective at promoting cleaved complex formation and inhibiting DNA supercoiling by Mtb gyrase, followed by gatifloxacin, and then ciprofloxacin and levofloxacin; however, crystal structures of the DNA-binding-andcleavage core of Mtb gyrase with both DNA and drug surprisingly failed to reveal any substantial differences in the contacts formed between the protein and different drugs. Further biochemical investigations using an assay that monitors the stability of preformed cleaved complexes largely corroborated the rank order of inhibition seen in DNA cleavage experiments and moreover resulted in drug efficacy trends that closely accord with clinical effectiveness. Collectively, our data explain why Mtb gyrase is naturally quinolone-resistant and show that the relative activities of existing panels of anti-TB quinolone therapeutics are heavily influenced by base-stacking interactions and have yet to take advantage of direct gyrase contacts to maximize therapeutic potential.
Results
A C8-Methyl Derivative of Moxifloxacin Shows Enhanced DNA Cleavage with Mtb Gyrase over Clinically Used Fluoroquinolones. Mtb is well known to have a low susceptibility to fluoroquinolones (34, 35) . For example, the WT minimal inhibitory concentration (MIC) for ciprofloxacin and levofloxacin is 20-and 140-fold higher, respectively, with Mtb than with Escherichia coli (31) . Part of this innately low susceptibility has been proposed to arise from a natural variation in the quinolone-resistance determining region (QRDR) of the GyrA subunit of gyrase that substitutes an alanine (Ala90 in Mtb) for what is typically a serine at the second amino acid of helix α4. As a serine, this amino acid has been seen in some instances to participate in a water/magnesium ion bridge that connects the enzyme (topoisomerase IV or gyrase) to the fluoroquinolone (29) [interestingly, although biochemical studies have substantiated the importance of this interaction (36) (37) (38) (39) , magnesium ion binding has not been observed crystallographically in all instances, leading to some debate as to its relevance (28, 29) ]. Acquired resistance also centers in general around the helix α4 region, with 54% of 654 FQ-resistant isolates containing substitutions at residues 90, 91, and 94 of Mtb GyrA (11) .
To begin to define how Mtb gyrase responds in vitro to different, clinically tested fluoroquinolones, we first purified fulllength Mtb GyrA and GyrB, using the new consensus 675-aa form of GyrB (11, 40) . To investigate Mtb's innate fluoroquinolone insensitivity, an Ala90Ser (A90S) variant of Mtb GyrA, which has been predicted to aid in the formation of a water/magnesium ion bridge (32, 33) , was also prepared. WT Mtb GyrA and GyrA A90S proteins were combined with WT Mtb GyrB to form active heterotetrameric enzymes. These enzymes were then used to assess the fluoroquinolone-dependent generation of cleaved complexes (Fig. 1B) , as monitored by the formation of linearized DNA from a starting supercoiled plasmid. In this assay, levofloxacin produced the lowest amount of linear product, with ciprofloxacin, gatifloxacin, and moxifloxacin showing between two-and fourfold higher cleavage activities at 10 μM drug (Fig. 1C , Left). By comparison, C8-Me-moxifloxacin produced 10-fold greater amounts of linearized DNA than levofloxacin at the same concentration (the level of activity for C8-Me-moxifloxacin is actually an underestimate of the compound's efficacy due to the formation of multiple cleaved complexes at drug concentrations >5 μM; the formation of multiple cleaved complexes on each DNA molecule degrades the linear product, artificially lowering the readout) ( Fig. 1 B and C) . When compared under similar conditions, the GyrA A90S form of Mtb gyrase consistently exhibited greater sensitivity to low fluoroquinolone concentrations than the WT enzyme (Fig. 1C, Right) ; the relative drug activity trends seen in cleaved-complex assays with the WT and GyrA A90S enzymes also were observed for the inhibition of ATP-dependent supercoiling (Fig. S1 ). Interestingly, a previous study testing each drug against Mtb in cell culture reported similar MIC values of 0.5 μg/mL for moxifloxacin, levofloxacin, and ciprofloxacin and a lower value of 0.1 μg/mL for gatifloxacin (32) . This finding indicates that there is a disconnect in the rank ordering drug of efficacy when using data obtained from MIC and from biochemical experiments. Nonetheless, the observed cleavage and supercoil-inhibition trends seen here are consistent with the observation that both ciprofloxacin and levofloxacin are less effective in the clinic than the fourth-generation fluoroquinolones gatifloxacin and moxifloxacin (7, 10) .
Crystallization of Mtb Gyrase-DNA-Fluoroquinolone Complexes. To better understand structure-activity relationships that underlie the different activities of fluoroquinolones, both among themselves and against Mtb, we set out to solve the structure of Mtb gyrase bound to ciprofloxacin, levofloxacin, gatifloxacin, moxifloxacin, and C8-Memoxifloxacin with DNA. Following a strategy that worked previously for Staphylococcus aureus gyrase (30), we linked the C-terminal region of GyrB (residues 426-675) and the N-terminal region of GyrA (residues 2-500) into a single polypeptide chain (termed GyrBA). In parallel, a GyrA A90S variant of this construct was also prepared. The in vitro activity of the WT and mutant Mtb GyrBA fusions was confirmed by monitoring the cleavage of a supercoiled substrate in the presence of each of the five fluoroquinolones (Fig. S2A ). Each drug induced DNA cleavage by the fusion protein (Fig. S2B , Left) and, as with full-length gyrase, cleavage was enhanced by the A90S substitution (Fig. S2B, Right) .
For crystallization, the fusion proteins were mixed with fluoroquinolone and a 24-mer dsDNA substrate, using an oligonucleotide sequence that had been previously crystallized with moxifloxacin and Acinetobacter baumannii topo IV (29) . Following screening and refinement of crystallization conditions, we obtained the best data from cocrystals of the Mtb GyrBA WT fusion combined with both DNA and moxifloxacin, which diffracted to 2.4 Å. An initial solution was obtained for this complex by molecular replacement using a search model comprising only the protein and DNA from a previous, moxifloxacin-containing cleaved-complex structure (A. baumannii topo IV, PDB ID code 2XKK) (29) . Having built and finalized this first structure, the protein and DNA from the Mtb gyrase model (without the drug) were subsequently used as a search model for all remaining cleavedcomplex structures. In this manner, structures were obtained from 2.4-to 2.6-Å resolution for both the GyrBA WT and GyrBA
A90S
fusions in complex with moxifloxacin, C8-Me-moxifloxacin, gatifloxacin, and levofloxacin (Table S1 ). For ciprofloxacin, only the GyrBA A90S fusion formed crystals that diffracted to better than 3-Å resolution; the GyrBA WT crystal form showed consistently weak diffraction (>4 Å) and was not analyzed further.
Structure of Mtb DNA Gyrase in Complex with DNA and Moxifloxacin.
Inspection of the moxifloxacin-bound GyrBA WT structure shows that, as with other bacterial type IIA topoisomerase-DNA complexes (27) (28) (29) (30) , the Mtb gyrase cleavage core binds a single dsDNA within a channel that spans the dimer interface ( Fig.  2A) . The dsDNA is kinked at two points by the intercalation of Ile181 from GyrA into the minor groove, generating an upwardly curved duplex. Each strand is cleaved once, with the 5ʹ-phosphate of each cleaved strand covalently attached to one catalytic tyrosine (Tyr129) in each of the two GyrA regions (Fig. S3A) . The presence of clear electron density allowed for the modeling of two moxifloxacin molecules, each wedged between the two ends of the cleaved DNA strands on both halves of the complex (Fig. 2B and Fig. S3 A and B) , in a drug-binding pocket whose walls are formed by DNA base stacking. The orientation of moxifloxacin was immediately evident from electron density features, which also unequivocally showed that a magnesium ion was coordinated by the keto-acid group of each quinolone core (Fig. S3B) . A GyrA dimerization interface (the "C-gate"), which is formed by a pair of coiled-coil arms extending from the principal DNA binding platform, was closed in the moxifloxacin-bound complex ( Fig. 2 C and  D) ; this region has been seen in different conformational states in other type IIA topoisomerase structures (41, 42) . A single magnesium ion and several associated waters are present in each of the two active sites at the so-called "B" (noncatalytic) position (43) , coordinated by Glu459, Asp532, and Asp534 of GyrB (Fig. S3C) .
Comparison of the Mtb DNA-and fluoroquinolone-bound cleavage core with a previously determined apo structure of the N-terminal portion of Mtb GyrA (44) revealed two modest structural differences in the active site. First, a flexible loop from the apo structure (Ser178-Ile187) swings into a new position in the cleaved complex, forming two β-strands joined by a short turn (Fig. S4A ). This β-sheet creates a portion of the DNAbinding surface and specifically presents GyrA-Ile181 for intercalating into and bending DNA (Fig. S4A) . Second, in its apo form, GyrA-Asp89 lies at the end of a loop where it would form unfavorable contacts with an incoming fluoroquinolone (Fig. S4B) ; in the complex, Asp89 initiates helix α4 of GyrA, and the acidic side chain is rotated away from the keto-acid group of the fluoroquinolone to position Ala90 near the bound drug (Fig. S4B) . The gyrase nucleolytic center thus undergoes multiple local movements that are likely important for allowing both enzymatic and drugbinding activities.
Mtb Gyrase Naturally Lacks Reinforcing Contacts to the Water/ Magnesium Ion Bridge That Are Present in Sensitized Homologs.
Examination of the region surrounding the keto-acid moiety of moxifloxacin bound to WT Mtb gyrase reveals a defined network of hydrogen bonds that link moxifloxacin, through a hydrated magnesium ion, to GyrA (Fig. 3 A and B and Fig. S5A ). In each model, two or three of the water molecules coordinating the drug-bound magnesium ions were clearly visible within the electron density (Fig. S5 A and B) [additional waters were then placed to complete the octahedral coordination sphere commonly observed with magnesium ions (45) and within crystal structures of individual quinolones (46) ]. One notable, watermediated magnesium-ion contact is with Asp94 of GyrA; this interaction likely accounts for why many substitutions at Asp94 lead to drug insensitivity in fluoroquinolone-resistant laboratory and clinical strain isolates (11, 47 ) (see also ref. 21 ).
Comparison of the WT and A90S structures revealed that the hydroxyl from Ser90 also directly contacts magnesium ion-associated waters, as well as the quinolone keto-acid group directly ( Fig. 3C and Fig. S5B ). The absence of these contacts in the GyrBA WT structure accords with biochemical results showing that the natural presence of alanine at position 90 is at least partly responsible for the innately reduced susceptibility of the Mtb enzyme to fluoroquinolones, compared with homologs that retain a serine (or threonine or asparagine) at this site (Fig. S5C) (31-33) .
Diverse Fluoroquinolones Show Few Differences in Binding Interactions
with the Cleavage Core of Mtb DNA Gyrase. Having established the moxifloxacin-inhibited GyrBA WT and GyrBA A90S structures as a starting point for our investigations of the fluoroquinolone mechanism, we next determined and examined the structures of the other fluoroquinolone-inhibited complexes. Globally, no large conformational changes were seen between the moxifloxacinbound complex and all subsequent complexes. Simulated annealing omit maps (48) were generated for each of the ternary complex structures to confirm the correct fit of each fluoroquinolone with its associated magnesium ion and coordinating waters (Fig. 4) . Identification of the fluoroquinolone N1 cyclopropyl and C8 group orientations was unequivocal (in the case of levofloxacin, the fused ring structure was clearly observed). The N1 cyclopropyl and C8 methoxy groups of moxifloxacin and gatifloxacin adopt a trans configuration that extends out of the plane of the core ring structure, as predicted by energy minimization (49); the C8-methyl of C8-Me-moxifloxacin remains in plane with the ring (Fig. 4) . In comparison with the fluoroquinolone N1 and C8 groups, the C7 groups (which distinguish all of the drug variants examined here except moxifloxacin and C8-Me-moxifloxacin) were less well defined (Fig. 4) . This observation suggests that these C7 moieties exhibit a degree of innate flexibility within cleaved complexes. The residues neighboring each C7 group-Arg482, Thr500, and Glu501 of GyrB-varied little in their relative positions and made no specific contacts with the C7 group of any fluoroquinolone analyzed here. The unsubstituted C7 piperazinyl ring of ciprofloxacin resides >4.2 Å from these neighboring residues, whereas the singly substituted rings in levofloxacin and gatifloxacin are within 3.4 Å and 3.8 Å of the same amino acids. Levofloxacin and gatifloxacin, together with both moxifloxacin compounds (which have larger C7 groups), thus are within the van der Waals contact radius of residues around the C7 ring, although these interactions seem generally loose and nonspecific (Fig. 4) .
The corresponding Mtb structures were next aligned to the structures of type IIA topoisomerases from other bacterial species previously reported for cleaved complexes containing moxifloxacin (29) , ciprofloxacin (30) , and levofloxacin (28) (Fig. 4 B,  C , and E, respectively). In each case, there did not seem to be any residues capable of making specific drug-protein contacts outside of the water/magnesium-ion bridge network. Interestingly, fluoroquinolone-resistant clinical isolates have been found with amino acid substitutions located around the C7 interaction locus of Mtb GyrB (Thr500 to Asn/Pro and Glu501 to Asp/Val) (11) . Thus, GyrB residues in this region seem to form a favorable nonspecific environment for hosting C7 groups that have been used in therapeutically approved fluoroquinolones, rather than a tailored set of contacts that can interact with and potentially distinguish such drugs.
Stability of Mtb Gyrase-DNA-Fluoroquinolone Complexes Correlates
with Activity. Altogether, the structural data on different Mtb GyrBA·DNA·drug complexes failed to show clear differences in the types of protein-drug interactions seen for the panel of five fluoroquinolones tested. Although comparative MIC determinations have suggested that ciprofloxacin (0.5 μg/mL), levofloxacin (0.5 μg/mL), and moxifloxacin (0.5 μg/mL) are equally effective against Mtb, and that this correlates approximately with supercoiling inhibition, this trend did not correlate well with previously reported cleavage assays (32) or our own biochemical data ( Fig. 1 and Fig. S1 ). We therefore elected to search for another measure of drug activity other than formation of cleavage complexes and supercoiling inhibition that might help explain this disconnect.
Because cleaved complex formation is reversible (50), one can assess the relative stability of fluoroquinolone-poisoned gyrase·DNA adducts in solution (Fig. 5) . In this approach, cleaved complexes are first generated with full-length gyrase, followed by their dilution into buffer containing no drug (to lower the concentration of the compound). DNA resealing is then assessed by the loss of linear product over time using agarose gel electrophoresis (37) . When starting at the same drug concentration (20 μM), ciprofloxacin provided the shortest half-life for cleaved-complex reversal (0.4 h), followed by levofloxacin (0.6 h), gatifloxacin (2.5 h), and then moxifloxacin (3.0 h) ( Fig. 5 A and C) . Interestingly, under these initial assay conditions, it was not possible to measure the persistence of complexes formed with C8-Me-moxifloxacin because the DNA was heavily degraded by the robust ability of the compound to stimulate multiple cleavage events. We therefore lowered the initial inhibitor concentration fourfold (to 5 μM), shortened the incubation step, and again compared the parent moxifloxacin with its C8-methyl derivative. Under these conditions, the half-life for moxifloxacin was 0.9 h and was 6.2 h for C8-Me-moxifloxacin (Fig. 5 B and D) . The GyrA A90S substitution further increased the stability of these complexes, raising the half-life of the moxifloxacin complex by sevenfold (to 7.0 h); under these conditions, the C8-Me-moxifloxacin complexes showed virtually no reversal. Thus, the observed order of fluoroquinolone activity seen within clinical studies (2, 7, 10) correlates most closely with the relative stabilities of the cleaved complexes formed by these agents.
Discussion
We have determined the crystal structures of nine different fluoroquinolone·enzyme·DNA complexes for M. tuberculosis gyrase. Overall, the structures, which offer the highest resolution yet obtained for such complexes, are generally similar to those seen previously for other fluoroquinolone-inhibited type IIA topoisomerase structures (28) (29) (30) : each GyrBA core binds and cleaves a single DNA duplex, and one fluoroquinolone stacks between each of the two base pairs that flank the sites of cleavage. In accord with gyrase and topo IV structures from S. aureus and A. baumannii, respectively (29, 30) , a single water/ magnesium-ion network can be seen to link each drug to a portion of helix α4 of GyrA, supporting biochemical studies implicating this feature as a key facet of fluoroquinolone/gyrase interactions. The structures corroborate previous predictions as to why Mtb has an innately low susceptibility to fluoroquinolones (31) (32) (33) , showing that Ala90 of GyrA (which is a serine in most gyrase and topo IV orthologs) cannot participate in stabilizing this ion-bridging network (Fig. 3) . The importance of the magnesiumion interaction has been further demonstrated by studies of the Mtb fluoroquinolone-resistance mutation GyrA A90V (see ref. 21) , which from our structures would be predicted to sterically block formation of the water/magnesium bridge. Given that acquired fluoroquinolone resistance in clinical isolates of Mtb tends to cluster in amino acids participating in the water/ magnesium bridge (11), our structures indicate that any change to this region likely will alter the overall shape complementarity of the drug pocket, potentially explaining the protective nature of other substitutions in the helix α4 region (such as GyrA G88C ) that have been observed in experiments using cultured cells (20) .
The present work is significant in that it assesses for the first time, to our knowledge, how five structurally different fluoroquinolones-ciprofloxacin, levofloxacin, gatifloxacin, moxifloxacin, and C8-Me-moxifloxacin-all interact with a single topoisomerase target. Surprisingly, we could identify no specific interactions between the different fluoroquinolones and gyrase that might account for established differences in their antibacterial activities in vivo (2, 7, 10) . Structural comparisons indicate that this paucity of enzyme-drug interactions is characteristic of cleaved complexes involving other bacterial type IIA topoisomerases (Fig.  4) . Despite this finding, the activities of the compounds can be biochemically rank-ordered with their relative in vivo efficacies by assessing the relative stabilities of cleaved complexes in solution (C8-Me-moxifloxacin > moxifloxacin > gatifloxacin > levofloxacin > ciprofloxacin) (Fig. 5) . This overall efficacy ranking is similar to that derived from assays that monitor cleaved-complex formation or supercoil formation, with the exception of levofloxacin and ciprofloxacin: in our hands, levofloxacin seemed more capable of stabilizing cleaved complexes than ciprofloxacin (Fig. 5 ) but less capable of forming such complexes or inhibiting DNA supercoiling ( Fig. 1 and Fig. S1 ). The more effective drugs such as C8-Me-moxifloxacin, moxifloxacin, and gatifloxacin demonstrated the highest levels of supercoiling inhibition and DNA cleavage, implying that the catalytic rate of DNA cleavage is higher with these compounds. Because enzyme inhibition is then maintained through increased cleaved-complex stability, the catalytic rate for strand passage and resealing of dsDNA breaks would be reduced. Our data, however, show that this model requires refinement. Although levofloxacin showed lower levels of supercoiling inhibition in comparison with ciprofloxacin, this compound's cleaved complexes were more stable. Nevertheless, cleaved-complex stability correlates well with in vivo efficacy and is likely to relate to the killing of Mtb cells; this hypothesis is supported by previous data showing how complex stability is a determining factor for the cytotoxicity of topoisomerase poisons within eukaryotic cells (51) .
The fact that drug structure affects the formation and reversal of cleaved complexes in a manner that cannot immediately be tied to observable differences in protein-fluoroquinolone interactions implies that some more subtle chemical feature of the compounds-such as electronic charge distribution or DNA base stacking-plays a key role in determining fluoroquinolone potency. Stacking interactions are likely to be defined by electron localization within the quinolone/dione core, which in turn may be influenced by ancillary C7 and C8 groups. The robust improvement of C8-Me-moxifloxacin activity compared with the C8-methoxy substituent in moxifloxacin alone highlights the power of fine tuning the chemistry around the drug core. We hypothesize that the approximate sevenfold increase in stability of the C8-Me-moxifloxacin cleavage complex over the moxifloxacin cleavage complex might be linked in part to an increase in movement by the C7-diazabicyclo ring within C8-Me-moxifloxacin. In moxifloxacin, the N1 cyclopropyl and C8 methoxy groups were predicted (49) and indeed crystallized in trans, with the methoxy positioned to potentially interact with the C7 ring (Fig. 4) . Without this methoxy oxygen, the C7-diazabicyclo ring of C8-Me-moxifloxacin may more freely rotate, and together with the absence of the oxygen atom this may allow for new electronic charge distributions to form compared with moxifloxacin, resulting in altered base stacking and a more stable complex. Unfortunately for design efforts, stacking energetics are notoriously difficult to predict from structures. Stacking energetics can also be difficult to modulate through structure-based drug design approaches (52, 53) , which struggle with the accurate accounting of factors such as flexibility or the entropy of drug binding (54) . Further stability assays will be required to assess other substitutions at C8. The inability of different C7 substituents from the panel of fluoroquinolones tested here to make specific interactions with GyrB is notable. The C7 group of each tested fluoroquinolone is surrounded by the QRDR of GyrB (55) (Fig. 4) . Amino acid substitutions within the QRDR can produce acquired resistance; however, of sequenced fluoroquinolone-resistant isolates, only 3% carry substitutions within the QRDR of GyrB compared with 64% within the QRDR of GyrA (11) . In Mtb, GyrB resistance substitutions include Asn499Lys/Thr, Thr500Asn/Pro, and Glu501Asp/ Val (11) . None of these residues in GyrB are sufficiently close to form specific contacts with even the largest C7 group tested (moxifloxacin) (Fig. 4) . Instead, the structural data indicate that the QRDR of GyrB provides a complementary van der Waals surface that can favorably accommodate fairly large moieties and, together with a solvent-exposed region above the C7 groups, that can allow for a degree of conformational freedom for groups localized to this region. Much attention has already been paid to modifying C7 ring groups, with clear success (23, 49, 56) ; it seems likely that these improvements could be further capitalized upon by using longer linkers at the C7 position and allowing substituents to reach and contact side chains of amino acids such as Arg482, Thr500, or Glu501 in a more specific manner. In such an approach, it might be possible to pin a fluoroquinolone in the gyrase drug-binding pocket, using a water/magnesium-ion bridge from GyrA to anchor the keto-acid group at one end of the drug and specific contacts from GyrB to C7 features at the other; indeed, cross-links can be formed between the C7 end of ciprofloxacin and GyrB-Glu466 of E. coli gyrase (equivalent to Mtb GyrB-Glu501) (50) . This feature may be important for designing not only more active fluoroquinolones but also more active quinazolinediones (57) .
The fluoroquinolone scaffold remains an important starting point for new antibiotics (58) (59) (60) . Indeed, both moxifloxacin (and in particular a new C8-Me-moxifloxacin derivative) retain high inhibitory activity in cell-free assays that use Mtb gyrase with commonly acquired fluoroquinolone resistance substitutions (see ref. 21 ). Moxifloxacin has also been shown to maintain efficacy against acquired fluoroquinolone resistance in a murine infection model of XDR strains (61) . Data presented here indicate that fluoroquinolone development should aim not just for increasing specific drug/enzyme interactions, but also for integrating these efforts with investigations of the effects of drug variants on the stability of cleaved complexes; one such approach would be to combine structure-based drug design with structure-activity relationship studies and cleaved-complex reversal assays. A challenge to such efforts will be to avoid the sole use of MIC as a means to score compound efficacy, and instead focus on cell killing, which mitigates resistance (62) . A second will be to augment the antigyrase and antibacterial potency of new compounds while mitigating nonspecific DNA intercalation and cross-over against the human gyrase homologs, topo IIα and topo IIβ.
Materials and Methods
Reagents. Ciprofloxacin-HCl salt, levofloxacin, and moxifloxacin were obtained from Sigma-Aldrich. Gatifloxacin was obtained from Toronto Research Chemicals Inc. C8-Me-moxifloxacin was synthesized as described previously (38) . Ciprofloxacin-HCl was dissolved in water; levofloxacin, moxifloxacin, and C8-Me-moxifloxacin were all dissolved in DMSO; gatifloxacin was dissolved in HCl-acidified DMSO (pH ∼6) to 8 mM. With the exception of gatifloxacin, all drug solutions were dissolved to 20 mM and all final solutions were stored at −80°C during experimentation.
Preparation of Plasmid DNA Substrates. Negatively supercoiled pSG483 (2927 bp), a pBlueScript II SK+ (Agilent) derivative containing a BbvCI site, was prepared from E. coli XL-1 blue cells (Agilent) using a maxiprep kit (Macherey-Nagel). Relaxed pSG483 DNA was prepared by nicking the negatively supercoiled substrate with Nb.BbvCI (NEB), ligating with T4 DNA ligase (NEB), and purifying by ethanol precipitation.
DNA Assays. Full details of DNA supercoiling and DNA cleavage assays can be found in SI Materials and Methods. The stability assays were performed as follows, using a protocol adapted from previous examples (36, 63) (see also ref. 21 ). Initial reaction mixtures were set up as per the DNA cleavage assays, except each 20-μL reaction contained 1 μM of gyrase heterotetramers and 100 nM of negatively supercoiled pSG483. In one set of reactions, ciprofloxacin, levofloxacin, gatifloxacin, and moxifloxacin were present at 20 μM; in a second set, C8-Me-moxifloxacin and moxifloxacin were used at 5 μM. The first (high drug concentration) set was incubated at 37°C for 1 h, whereas the second (low concentration) set was incubated for 30 min. After incubation, 1 μL of the reaction was taken as a "predilution" sample and quenched with stopping buffer. Reactions were then diluted 20-fold by addition of 380 μL prewarmed reaction buffer. Twenty-microliter samples were taken at time points up to 7 h postdilution, with the first sample taken immediately after dilution (∼5-10 s) to represent the zero-hour time point. Samples were added directly to stopping buffer, and they were processed and analyzed as per the DNA supercoiling assays. Stability was measured by determining the loss of linear product over time compared with 100% linear product set by the zero-hour time point. Gel images were analyzed using ImageJ (64) , and data were plotted using Prism (GraphPad Software). Approximate half-lives were calculated using the nonlinear regression "one phase decay" mode of Prism (GraphPad Software).
Protein Expression and Cleavage Complex Structure Determination. Full details concerning cloning, protein expression and purification, complex crystallization, X-ray data collection, and structure determination can be found in SI Materials and Methods. 
